Introduction
Human activities have greatly increased the inputs of nitrogen oxides to the atmosphere (we define nitrogen oxides as follows: NOx = NO + NO2, radicals that rapidly interconvert, within minutes to hours; and NOy = NOx + NO3 + N205 + HNO3 + peroxyacetylnitrate (PAN) + other organic nitrates + aerosol nitrate, the family of radicals and nonradicals that interconvert and are deposited on longer timescales i.e., hours to days) [ incorporates important contributions from infrequent highdeposition events that may provide a significant fraction of total deposition during an averaging interval.
Half the NOy eddy flux input at Schefferville, and during the summers at Harvard Forest, was deposited in extreme events on 25% and 20% of the days, respectively. Increasing skewness and contribution from rare events leads to greater potential for sampling error from missed data. We therefore examined the uncertainty associated with missing data by generating random subsamples of the data. The means (or medians) of subsamples containing >_50% of the data vary by 10-15%. Variability increases sharply as more data are excluded ( Figure 3) . We estimated the uncertainty of the NOy eddy-flux totals by computing the standard deviation of random subsamples that include 50% of the data from each interval.
On account of the smaller sample size for Schefferville data, individual days were integrated separately. Missing data were interpolated between adjacent points; days with fewer than 20 hours of valid data were rejected, and daily totals were computed. These values were used to obtain a seasonal mean, and estimates of the sampling uncertainty were derived from the standard deviation of data from valid days. b NA signifies periods with gaps in the precipitation data record. are the sources of nitrate in precipitation.. In this section we evaluate the seasonal pattern of production rates for depositing species, HNO3 and organic nitrates that can be derived from the observed concentrations at Harvard Forest, and compare it with the observed deposition rates. We will consider two inorganic pathways for production of HNO3: homogeneous oxidation of NOx, NO 2 + OH kl > HNO3,
and heterogeneous oxidation, via reactions (2)-(4), culminating in hydrolysis of N205 on aerosol surfaces. Photolysis, reaction (5), terminates this pathway. Intercept ( 
We also consider one organic pathway based on formation of hydroxyalkyl nitrates from biogenic hydrocarbons. We compute the mean and variance of potential HNO3 production rates in the regional boundary layer surrounding Harvard Forest, using distributions of precursor concentrations for each month defined by means and logarithmic standard deviations of midday data (Table 3) . We use surface measurements during the middle of the day, when vertical mixing is most intense, as the most representative of concentrations throughout the mixed layer. We exclude the high and low extremes (data outside the 12.5 and 87.5 percentiles) that occur in conditions that may not be regionally representative. [Guenther et al., 1995] , and hydroxyalkyl nitrate yields of 4.4% and 17% for isoprene and monoterpene, respectively. We make no distinction between direct dry deposition of the hydroxyalkyl nitrates, precipitation scavenging, conversion to HNO3, or condensation on aerosol surfaces; all processes result in transfer of reactive N from the atmosphere to the surface.
Computed rates for homogeneous production of HNO3 at Harvard Forest show a seasonal cycle with a winter minimum, a flattened maximum from May through October, and a slight dip in July (Figure 10) . The seasonal cycle is driven by seasonality in OH concentrations, but its amplitude is diminished by the offsetting effect of a winter maximum and summer minimum in NO2 (M96). Rates for heterogeneous processes achieve their maxima in the spring and fall at the crossover points for opposing trends in NOx and 03 concentrations (Figure 10, 
Conclusions
In this paper we have used 7 years of measurements at Harvard Forest, 1-2 days downwind of a major source region, to compute the rates for NOx oxidation and HNO3 deposition, to determine the reactive-N budget at the site, and to estimate the fraction of N removed in the region near the source. We Analysis of the regional balance between production and deposition allows us to infer reaction and deposition lifetimes for NOx in the boundary layer. The lifetimes for oxidation of NOx ranged from 0.24 day in summer, due to the combined effect of homogeneous, heterogeneous, and organic pathways, to 1.4 days in winter, due to heterogeneous processes alone. The lifetimes for deposition of HNO3 were 1 and 0.6 day in summer and winter, respectively.
Our analysis shows that deposition of reactive N is regulated by the rate of oxidation of NOx by reactions with HOx radicals, by heterogeneous reactions of N205, and by organic pathways. Contributions from these three processes are comparable during summer; heterogeneous and organic pathways for NOx oxidation are more important than we expected them to be. The presence of forests downwind of source regions enhances rates for nitrogen deposition and increases the fraction of NOx retained in the region, because forests are efficient, aerodynamically rough receptors and because biogenic hydrocarbons emitted by vegetation accelerate the rate of oxidation of NOx.
The NO• emitted from eastern North America is efficiently retained in the region during summer. Export about doubles from summer to winter, but heterogeneous production of HNO3 is efficient, and ventilation of the boundary layer is relatively slow; hence most of the emitted NOx is probably deposited further downwind. Thus remote sites such as Schefferville, 2-3 days' transport from the emission sources, could receive most of their annual reactive-N input during winter when it accumulates in the snowpack and becomes available during spring melt. Only a small fraction of N escapes to the global environment in either season.
